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Abstract

In this work, we will report BOUT++ simulations for H-mode pedestal instabilities and
turbulent transport. For DIlI-D H-mode discharges, the BOUT++ peeling-ballooning ELM
model including electron inertia was used to analyze the ideal linear stability and ELM
dynamics. The beta scan is carried out from a series of self-consistent MHD equilibria
generated from EFIT by varying pressure and/or current. For typical tokamak pedestal
plasmas with high temperature and low collisionality, we found that the collisionless
ballooning modes driven by electron inertia are unstable in the H-mode pedestal and have
a lower beta threshold than ideal peeling-ballooning modes, which are the triggers for
Edge Localized Modes. Thus, collisionless (electron inertia) ballooning modes might be
responsible for H-mode turbulence transport when the pedestal is stable to peeling-
ballooning modes. BOUT++ calculations also show that NSTX Elm stability boundaries
are sensitive to flow shear profile. Attempts are underway to calculate nonlinear
turbulence and transport in H-mode discharges due to the non-ideal effects.
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The Nonlinear System of Equations for Simulating
Non-ldeal MHD Peeling-Ballooning Modes

dr
W_F’UE VZU—BOVHJH-I-zbg X K - Vp+,u,l|‘8|0w
+/4L1’_LVIZ5-. Here VyF = B9 (F/B) for any F. 8 = 3||0+B-V.5.: (1)
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JH = JHO — —VlAH, Vg = — (bg X VJ_(I)) . (5)
Lo Bo

This simple set of reduced two-fluid equations effectively bypasses the issue of the gyroviscous
cancellations in simulations while the important diamagnetic effect is retained in the second term

MY of the generalized vorticity expression. UL-
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The effect of transport coefficients
on linear P-B instabilities.
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The growth rate of the n = 15 eigenmode versus various transport coefficients with the £ > B drift and diamagnetic drift for
S = 10° and oy = 107*: (a) the parallel diffusivity Xy (b) the ion perpendicular viscosity p; ; and (c) the ion parallel viscosity pi; .
For TTER pedesml parameters .Equalmn.s (1 J—{.‘.)_J are solvecl. usu.lg a ﬁe]d—ahgn-ed
Toped = 4.5keV, ”e ped = 5 X 10~19m—2, J’e || = 2.62 x {ﬂu..k} .L.DDlﬂlﬂ{llE IS)-stem. (x,v,z) with shifted radial
1 _l N o N derivatives ~ Differencing methods used are fourth-order
10" m*s™" and x2\/Da = 794, while y7 = vregosR = central differencing and third-order WENO advection scheme.
L.16Dy. S"“‘]MIL gc"' ]t}[:uual [:.Iledestal PI“S“:'“ parameters, The resulting difference equations are solved with a fully
pir = (0.1 — 1)ym~s™" as radial thermal diffusivity with implicit Newton—Krylov solver: Sundials CVODE package.
the assumption that the turbulent Prandt]l numbers are close Radial boundary conditions used are & = 0, VEL ,i” —
to unity. Namely, jee 1 /xer ~ pio/xiL and e 1 = xil. 0,ap /@y = 0 and 3¢/dy = 0 on the inner radial boundary:
which yields py) /Dy = (0.3-3) = 1078, the impact of the zr = 0,Vi Ay =0, p = 0and ¢ = 0onouter radial boundary. 4
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perpendicular ion viscosity on the growth rate is negligibly
small.

The domain is periodic in the parallel coordinates y (with a
twist-shift condition) and in 7 (toroidal angle).
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C-Mod Equilibrium EDA H-Mode Parameters
used as BOUT++ Input (1110201023.00900)

Pressure, P, (kPa)

Equilibrium Pressure Profile Lundquist Number Profile
20E | 3 2 T T T T T T T T T
] : Separatrix 3§ . |
1O§_ Ped(hm/ 3 2 20;
Ot : R
0.94 0.96 0.98 1.00 1.02 1.04 106 o 4ol
E i
R Equilibrium Parallel Current Density Profile Z 1.0}
4 i Zero Current 2 sl
22 ' beyond Separatrix § 3 [
" os o 108 ngéf)l o lo:zfo' o 101951 o l1oo
‘ r;»lormolized Flux,‘w '
Equilibrium Safety Factor Profile
12E q . 3 Lundquist Number (S) is a
8 k _ dimensionless ratio of the
4E . L 3 resistive diffusion time to the
0E ' Open field lines 3 Alfvén time
0.94 0.96 0.98 1.00 1.02 1.04 1.06 .
Normalized Flux, ¥ — S ""107 IN C'MOd EDA pedeStaI
2ot 5
(2,

\ Sciences

Davis, et al, UP9.00008 UL.




BOUT++ Calculations Show C-Mod ﬂ%‘amr

EDA H-Modes Resistively Unstable ;;Mnd

Growth Rate vs. Torodial Mode Number
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BOUT++ calculations show that

Diamagnetic Effects Damp Higher Mode
Numbers, yielding the growth rate peaks
at n=25, consistent with measurements.
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Growth Rate, 7 (1/w,)

Davis, et al, UP9.00008

C—Mod Nonlinear Run, S=10’
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Preliminary Nonlinear Simulations have
begun --- Mode Saturation and Turbulent
Steady-State have been Observed.
Comparisons with experimental
measurements will begin.
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BOUT++ simulations for DIlI-D ELMy H-mode
shot #131997 at reduced J,
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BOUT++ simulations for DIlI-D ELMy H-mode
shot #131997 at reduced J,

Varyped: Pg,17=0.6Pg ¢y, Pov6e=Poexp
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BOUT++ nonlinear simulations for DIlII-D H-mode

shot #132016 at t=3034ms & [,=1.49MA
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BOUT++ nonlinear simulations for DIII-D H-mode
shot #132016 at t=3034ms & [,=1.49MA
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BOUT++ nonlinear simulations for DIlII-D H-mode
shot #132016 at t=3034ms & |,=1.49MA
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BOUT++ nonlinear simulations for DIlII-D H-mode
shot #132016 at t=3034ms & |,=1.49MA
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BOUT++ simulations for one of the latest designs of the ITER 15 MA
Inductive ELMy H-mode scenario (under the burning condition)

» Simulations starting from equilibrium generated by the CORSICA code.

Growth rate of Peeling-Ballooning mode of
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http://upload.wikimedia.org/wikipedia/commons/c/cf/ITER_Logo_NoonYellow.svg

BOUT++ simulations for one of the latest deS|gns of the ITER 15 MA

iInductive ELMy H-mode scenario 0.25 . .
It is numerical challenge to simulation ITER divertor qo-zo_‘ -
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BOUT++ simulations show radial and poloidal mode structures.and
for the ITER 15 MA inductive ELMy H-mode scenario
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BOUT++ Calculations Show NSTX discharge
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v'With assumption that Vg,g=V4i.m, &ll modes are stabilized.
v'The detailed flow profile does matter for this discharge
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Magnetic Reconnection and Pedestal Collapse during ELMs
Equilibrium current and pressure profiles used as BOUT++ input
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Flux-surface-averaged pressure profile 2m, <P>/B? vs S with S;,=10*?
low S -> large ELM size, ELM size is insensitive when S>107

0.020[7

0.015

1 Rz ‘Rz
. t=07, | ldvIPo-P(t=74)) Jdv Po=0.13
D\ ~'-“ A : R, R,

R: R
idv [P o-P(t=160)]/ [dv P 0~0.11
Rl] RU

- Nl §=107, 1054105 10:0\|
B t=747, it |
_\ |R||1 L I L1 | |R»2 EI Ll . [ AR
4.3 4.4 4.5 4.6 4.7 4.8
R(m)

Fraction of W4 lost (t)

ELM size= AWpeq/ Weq
AW, 4= the ELM energy loss

W,.q =pedestal stored energy

10° ' 107"
. 10—2§
10_2ﬁ -‘-p_.—'.-.: \|>
E 1073§
"
1074 —10“*-”*

107%+
4107
1078 L2, e . L 1077
0 50 100 150

normalized time (T,)
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For S=10° S _=10%, the reconnection region is small
and the collapse is limited.
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Role of the hyper-resistivity
on nonlinear ELM simulations.

61 ' AL __KI.DE& 0.6F . ' - i 1
& 05f E
0.06 o 5 g
7 4 g 0.4 E
o @ E 5
2 0.04 9 @ 0.3f 3
> ° 3k -
o Sl c
2 5 0.2f E
5 7 3 g > 100
0.02 2 :
- 0.1
o z
; :
G G:]n:] D,D '4. III““‘ﬁl -....IE. ..--.I?. .-.ulﬁ. -...-Ig. ....--.'10
; , 10 10° 10 10 10 10° 10

normalized ¥, Lundquist number S

Figure 6. ELM sizes versus Lundquist number S with Sy = 10'2,
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Equilibrium flow shear model

Total convection flow Kelvin-Helmholtz term
210 2
WHVEPOJF )- Vo + V1 -V@oy = ByV | J+2bg x k- VP,
Diamagnetic drift
Diamagnetic convection flow  Net flow PO /'
o = + V2P
Bo ( J'(I) (]Z, e )

®Diamagnetic effects:
»Diamagnetic convection flow: EXB flow that balances diamagnetic flow,
is determined by pressure profile, introduces negative electric fi ®4iq0 ;
»Diamagnetic drift: inversely depends on density;

®Net flow: perpendicular component of toroidal rotation, modeled by a

simple function via ®vo , flexible;

®Kelvin-Helmholtz term: curl of net flow, can be switched off;

®Total convection flow: flow shear effects come from this total convection flow

rather than the net flow.
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Equilibrium flow shear can be
a double-edged sword on P-B modes
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« The flow shear plays the same role as « Kelvin-Helmholtz drive mainly
diamagnetic stabilization for ideal MHD destabilize intermediate n modes:
case without diamagnetic term. n=10~30.
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5-field Peeling-Ballooning model

In order to investigate the separate effects of density and temperature
effect, we extend the 3-field simple P-B model into 5-field model by
separating the total pressure into density electron and temperature

%—I—VE-VHI' = 0, 1 |
o = f?;(}g[; Viff”ra'v_‘f"vyho noZie vir|.
dT; |
—+Ve vl = 0, = o= 1o 7L (Boy),
9 _ I, Ve = o (boxvLd).
c)rerVE VO = Bib-y— + 2b x k- /P Bo
P = kpn(Ti+T,) =P+ p.
Jy l U NH
Fr > b VP +— VJ_W__V V.
f 0 ,u- o = Dy+0.
(g@, Xia, et al, JP9.00102 »
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The strong stabilizing density effect on P-B
modes Is due to ion diamagnetic drift

np,=constant in X, Teo and T, vary In X

O 4 L L L L B L AL
r Dashed Imes for w/o dlomagnetlc Z
E nO_ave=0.08 __-B E .
F e o { * Forideal MHD, n,does not
0.3F hO_ave=0.24 = .

affects the normalized linear
growth rate.

« With diamagnetic effects,

— low density results in more
stable high-n modes.
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